High-field electrical transport and point-contact tunneling spectroscopy were used to investigate superconducting properties of the unique spinel oxide, LiTi 2 O 4−δ films with various oxygen content. We find that the upper critical field B c2 gradually increases as more oxygen impurities are brought into the samples by carefully tuning the deposition atmosphere. It is striking that although the superconducting transition temperature and energy gap are almost unchanged, an astonishing isotropic B c2 up to ∼ 26 Tesla is observed in oxygenrich sample, which is doubled compared to the anoxic sample and breaks the Pauli limit.
In conventional Bardeen-Cooper-Schrieffer (BCS) superconductors, time reversal and spatial inversion symmetries are essential to the formation of Cooper pairs. An external field B violates the time reversal symmetry in a superconductor, thereby may break the Cooper pairs [1] . Superconductivity will be completely destroyed when B reaches an upper critical field B c2 for type-II superconductors. The underlying mechanisms that dominate and effectively increase B c2 intrigue intensive interests in condensed matter physics. Generally, B c2 is determined by orbital pair-breaking for conventional superconductors since spin susceptibility goes to zero at low temperatures [2] . In this case, B c2 can be enhanced by several factors that suppress orbital pair-breaking, such as narrow bands [3] , short mean free path [4] , and strong electron-phonon coupling [5] . Alternatively, spin flip induced by B will dominate B c2 when orbital effect is eliminated such as ultrathin Be [6] and Al films [7] whose dimensionality is reduced. No matter which of aforementioned effects happens, B c2 is not expected to break the Clogston-Chandrasekhar limit [8, 9] or the Pauli paramagnetic limit B P , where B P = 1.84T c (in units of Tesla) for conventional superconductors and T c is the superconducting transition temperature.
The upper critical field B c2 can be further enhanced and even exceed B P with some unconventional mechanisms where spin paramagnetism is crucial in the superconducting state, such as Fulde-Ferrell-Larkin-Ovchinnikov states [10] , spin triplet pairing [11, 12] and spin-orbit interaction[2, 13, 14] . In particular, spin-orbit interaction can be divided into two effects, i.e. spin-orbit coupling (SOC) and spin-orbit scattering (SOS). In the former case, the effect of spin flip can be weakened by locking spin parallel or perpendicular to in-plane due to Rashba SOC [13] or Zeeman SOC[2, 14], respectively. As for SOS, spin-flip scattering will mix the different spin states and lead to a finite Pauli paramagnetism even at zero temperature thus enhancing B c2 [15] . Generally, the effects of spin-orbit interaction are prominent in low dimensional materials with non-centrosymmetric lattice structure. As a result, it is rare to see the breaking of Pauli limit in conventional superconductors with centrosymmetry.
LiTi 2 O 4−δ is a centrosymmetric conventional superconductor with highly nontrivial spin-orbit structure [16] . For ideal LiTi 2 O 4 structure, the valence of Ti is 3.5+ with low d-orbital filling and Jahn-Teller distortions, implying that large orbital freedom exists in this system [17] . Orbital order and spin-orbit scattering are unveiled in the anoxic films where amounts of ordering oxygen vacancies have been explicated [16, 18] . As the vacancies are gradually filled by introducing oxygen atoms, the orbital order is suppressed locally and spin-orbit scattering is enhanced at low temperatures [19] .
Therefore, studying the evolution of B c2 of LiTi 2 O 4−δ with various oxygen content may disclose some mechanisms of the spin-orbit interaction in centrosymmetric superconductors.
tips. The differential conductance dI/dV is measured by standard lock-in technique in quasi-fourprobe configuration. Fig. 1 (a) shows the resistance versus temperature curves of S oxy and S vac , deposited under oxygen pressure ∼ 5 × 10 −6 Torr and basic vacuum, respectively. Both samples display similar T c of 11.5±0.5 K with narrow transition widths. However, the residual resistance ratio (RRR), defined by room temperature resistance over resistance at 20 K, shows remarkable difference, i.e. 8.0 for S vac and 2.3 for S oxy . These results are consistent with our previous report [19] . The magnetic field-dependent resistance R(B) isotherms of S vac and S oxy with field perpendicular to the ab-plane of films are shown in Fig. 1 (b) and (c), respectively. It is intriguing that B c2 of S oxy is prominently enhanced compared with that of S vac . In addition, the enhancement of B c2 is also observed when the magnetic field is parallel to the ab-plane, as shown in Fig. 1 (d) and (e).
In order to quantitatively study the enhancement of B c2 , we extract the temperature-dependent B c2 of S vac and S oxy with field parallel and perpendicular to ab-plane, as shown in Fig. 2 (a) .
The value of B c2 is evaluated at 90% of the resistance transition relative to the normal state resistance. It is found that the B c2 of S oxy at 2 K is ∼ 26.0 T, more than doubled compared to that of S vac (∼ 11.3 T). Furthermore, the B c2 of LiTi 2 O 4−δ is isotropic, which is confirmed by angle-dependent magnetoresistance measurements of S vac , as shown in the inset of Fig. 2 (a) .
To get further insight into the isotropic enhancement of B c2 , we choose RRR as a good quantity to distinguish different samples since RRR monotonically decreases with increasing the oxygen 
B ^ a b -p l a n e B / / a b -p l a n e pressure [19] . [20] . The theoretical fits match well with experimental data, considering Maki parameter α and spin-orbit scattering parameter λ so [20, 21] . α and λ so are approximately zero in the case of large RRR and increase with decreasing RRR, tempting us to consider spin paramagnetism and spin-orbit scattering for the enhancement of B c2 . The zero-temperature upper critical field B 0 c2 extrapolated from the WHH fitting is shown in Fig. 2 (c) . In addition, a widely used formula which considers orbital effect only, B 0 c2 = −0.69T c (dB c2 /dT )| Tc , is also employed to estimate B 0 c2 , as shown in Fig. 2 (c) . The difference in B 0 c2 by these two methods is small for samples with large RRR, while it becomes more and more prominent as RRR decreases, suggesting again that effects other than the orbital depairing should be considered for the B c2 anomalies.
To further clarify the key factors that lead to anomalies of B c2 , we carried out point-contact S o x y B / / a b -p l a n e S o x y B ⊥ a b -p l a n e S v a c B / / a b -p l a n e S v a c B ⊥ a b -p l a n e B c 2 ( T ) tunneling spectroscopy measurements for S oxy whose RRR = 3.4. Fig. 3 (a) and (b) display the normalized temperature-and field-dependent tunneling spectra respectively, with B perpendicular to ab-plane. The differential conductance spectra clearly show a pair of superconducting coherence peaks, which are still robust against field up to 16 T at 2.5 K. All the spectra are fitted well with the framework of Blonder-Tinkham-Klapwijk (BTK) model [16] . The temperaturedependent superconducting energy gap ∆(T ) obtained from the BTK fits, agrees well with BCS theory and 2∆/k B T c = 4.2 where k B is the Boltzmann constant, as shown in the bottom panel of Fig. 3 (c) . Compared with S vac , 2∆/k B T c of S oxy is nearly unchanged [16, 18] , indicating that the electron-phonon coupling remains the same. However, the normalized field-dependent energy gap ∆(B)/∆(0) of S oxy versus B deviates from the relation, ∆(B)/∆(0) = 1 − (B/B c2 ) 2 , which is discovered in S vac [16] , as shown in Fig. 3 (d) . This unusual behavior of ∆(B) suggests that orbital order is suppressed while spin-orbit scattering might be enhanced in S oxy , coinciding with our previous work [19] . Now let's turn to discuss the mechanisms behind the enhancement of B c2 for LiTi 2 O 4−δ films.
As mentioned above, B c2 can be improved by suppressing orbital and/or spin depairing effects. It seems that orbital effect is crucial since α, as a key factor to characterize the orbital contribution [21] , is significantly enhanced in S oxy . According to the WHH theory, α = 3h/(4E F τ ), whereh, E F and τ are the reduced Planck constant, Fermi energy and relaxation time respectively. We can obtain τ = 1.4 × 10 −14 s for S vac , which is self-consistent with the result derived from electrical transport, i.e. τ = l/v F = 1.3 × 10 −14 s, where l is mean free path and v F is Fermi velocity [16] . However, the excellent fitting of S oxy provides an underestimation of τ (= 5 × 10 −16 s) if we assume the Fermi energy is constant, since such τ is even smaller than the lower limit τ min (= c/v F = 6.1 × 10 −15 s, where c is the out-of-plane lattice constant), restricted by the Mott-Ioffe-Regel limit [19, 22] . Such confliction can be reconciled in case of a reduced E stand for S oxy and S vac , respectively. It is surprising that tiny amount of oxygen defects can induce such remarkable change in Fermi energy unless the occurrence of Fermi surface reconstruction or Lifshitz transition and formation of small Fermi pockets, like in cuprates [23] . We expect that such variation of Fermi energy should have influence on density of states thereby tuning T c and ∆, which is not observed in our work. Besides, some effects beyond the WHH theory such as dimensionality and strong electron-phonon coupling can also be easily ruled out since the thickness of samples (> 70 nm) is much larger than the lattice constant and 2∆/(k B T c ) is almost unchanged for all samples.
Alternatively, the anomalies of B c2 may be attributed to some factors that suppress spin flip, such as SOC and SOS. Zeeman SOC and Rashba SOC are not the case of LiTi 2 O 4−δ because of the centrosymmetric lattice structure and isotropic B c2 [2, 14] . SOS is a candidate to understand the enhancement of B c2 . Nevertheless, the values of λ so derived from the WHH fitting are too small to induce such large enhancement compared with other systems [4] . It should be emphasized that s-wave scattering is assumed in the WHH theory, while other factors like the details of spin-orbit interaction are ignored [20, 24] , which may also play an essential role in the anomalies of B c2 . In order to clarify this issue, we consider the connection between the crystal structures and spinorbit interaction in three configurations, i.e. ideal LiTi 2 O 4 structure (see Fig. 4 (a) ), existence of long range ordered oxygen vacancies (S vac , see Fig. 4 (b) ) and the case where these vacancies are partially filled by oxygen atoms (S oxy , see Fig. 4 (c) ). Since it is impossible to take into account oxygen impurities with random distribution in band structure calculations, we would like to discuss it phenomenologically. For the ideal LiTi 2 O 4 structure, Jahn-Teller distortions with Q 2 and Q 3 modes exist homogeneously [25] . In this case, the compression of TiO 6 octahedron dominates, and t 2g orbits split into higher two-fold degenerate d zx /d yz and lower non-degenerate d xy [26] (see Fig. 4 (d) ). If long range ordered oxygen vacancies exist (S vac ), such distortion will be stabilized, and orbital-related state is expected to form, which is indeed observed in S vac [16, 19] . Here on the single octahedron the orbital moment of the conduction electron quenches out.
However, spin-orbit interaction should be taken into account even if only one oxygen vacancy is filled since the gradient of local electrical potential V cannot be neglected. In general, the Hamiltonian term of SOC can be expressed as
where λ soc is the spin-orbit coupling constant, k is the momentum of the conduction electron, σ is the Pauli matrix. It is well known that λ soc strongly increases with the atomic number Z, i.e. λ soc ∼ Z 4 [27] . In this case, the energy scale of SOC is comparable to that of Jahn-Teller distortions [27, 28] . Therefore, the SOC competes with the Jahn-Teller effect and leads to a reversal of orbital splitting, i.e. higher non-degenerate d xy and lower two-fold degenerate d zx /d yz [29] (see Fig. 4 (e) ). Typically, the SOC overbears the types of Jahn-Teller distortion, and further splits two-fold degenerate d zx /d yz into d zx + id yz and d zx − id yz (see Fig. 4 (f)), consequently generating an orbital moment quantum number l = ±1. As a result, when an external magnetic field B is applied, the effective field B eff is given by
where B soc is the average value of the generated SOC field. Since B soc is negative due to the opposite orientations of orbital moment and spin [30, 31] , the external field is weakened and thus the B c2 is enhanced. The similar situation with the orbital moment orientations has been discussed in another Ti oxide compound LaTiO 3 , which has a similar ordering of orbital energies [30, 31] .
Besides, momentum-dependent spin-orbit scattering may also contribute to such enhancement of B c2 [32] . As shown long ago by Boiko and Rashba, it is very important for magnetic susceptibility and other magnetic properties of materials with spin-orbit interaction [33] .
Other anomalies can be well understood in this framework. Firstly, due to the nonselective distribution of oxygen impurities, such interaction is isotropic in average, leading to an isotropic B c2 . Secondly, such spin-orbit interaction has no effect on the thermodynamics of a superconductor, especially T c , pointed out by Gor kov and Rusinov [34] , which is consistent with our results. Thirdly, the deviation from ∆(B) ∼ −B 2 in S oxy indicates the suppression of orbital order via the randomly oriented and distributed orbital moments, therewith the enhanced spin-orbit interaction.
Overall, by a systematic transport and point-contact tunneling spectroscopy measurements of the LiTi 2 O 4−δ films we find an astonishing enhancement of the B c2 , that breaks the Pauli limit and meanwhile remains isotropic. Such anomalies are rarely observed in superconductors with cubic structure, yet the breaking of the Pauli limit is frequently reported in (quasi) two dimensional non-centrosymmetric superconducting materials but with an anisotropic B c2 . Moreover, oxygen impurities, giving rise to higher residual resistivity, do not make obvious influence on T c and ∆.
In combination with our previous work on this system [16, 19] , we conclude that the three dimensional spin-orbit interaction induced by oxygen impurities is essential to the significant isotropic enhancement of B c2 . The effects of oxygen impurities could be general in oxides, thus providing us new clues to generate other exotic phenomena such as Ising superconductivity [14, 35] , topological nontrivial state due to band inversion [36] [37] [38] , vortex phase transition from liquid to solid [39] .
In addition, our achievements pave a promising path to optimize practical superconductors with higher upper critical filed.
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